Purpose -The paper presents design methods for fire exposed concrete columns and walls. In addition, it presents analyses and tests showing that the methods are applicable for designing columns and walls of lightweight concrete based on expanded clay aggregate as well as normal weight concrete and that the methods fit smoothly with cold design, when the fire exposure varies towards no fire.
. Eccentric loaded 100 mm wall of concrete 1800 kg/m 3 in fire test at 80 min and at failure at 85 min.
Introduction
Light weight concrete based on expanded clay aggregate differ from traditional normal weight concrete mainly by weight and thermal conductivity. However, substantial mechanical properties such as strength and stiffness, varies in temperature according to the same principles as known from other concrete qualities although other parameters apply. It is therefore logical to presume that the basis for calculation of fire resistance of these structures accord with the basis for calculating fire resistance of structures of ordinary heavy concrete.
The author have previously developed such design methods as for example expressed in the Danish Standard DS 411 from 1999 or the simplified calculation method in chapter 4.3 of the CEN pre-code printed as ENV 1992-1-2 from 1995 and the code EN 1992-1-2 from 2004. In addition, he presented a basis for fire safety calculations of columns of ordinary heavy and light aggregate concrete in the little known DTU reports: "Calculation method for fire safety design of constructions of expanded clay aggregate concrete" (in Danish) from 1997 and "Comments on simplified calculation method for fire exposed concrete columns" from 1998. Recently, Achenbach and Morgenthal in 2016 proved good agreement for application of the author's zone method as presented in the early report "Analyses of prestressed concrete structures exposed to fire" from 1985 making minor empirical corrections of the reinforcement properties. However, they do not derive the expressions proving a general validity of the method and improving it for application for any column and wall at any time of any fire exposure. Such derivation is therefore presented in this paper.
During the project, we made a number of full-scale tests in order to provide a reasonable documentation for the application of the calculation methods especially for light-aggregate concrete walls. The present paper comprises results of the tests with reference to the report "Fire safety design of expanded clay aggregate concrete structures -Calculation of fire resistance time" (in Danish) from 2001. In addition, we include results from a Norwegian full scale test on a wall of Scan Brann Blokk. 2017-12-12
Material properties
In this project, we apply light aggregate concrete of density 1800, 1200, 900, and 600 kg/m 3 with thermal conductivities as sown in 
which is presented in Hertz (2005) for concrete and (2004) and (2006) for reinforcement and steel. The Greek letter ξ means a reduction at a temperature TC. T1 to T64 are parameters with the unit C describing the curve. k is a minimum strength fraction, which is left for steel after cooling. k is always 0 for concrete. The parameters have the values shown in Table 2 Table 2 Parameters for design reduction of compressive strength of concrete in a HOT condition during a fire and in a COLD condition after a fire. The parameters have the values shown in Table 3 for different reinforcement steel qualities.
Please observe, that the values presented as "effective yield strength" in Eurocodes like EN 1992-1-2 (2004) do not represent the yield strength often given as a 0.2% strenght. Instead they represent an ultimate strength at an elongation of 2.0%. Usually you cannot apply these values for design, since a structure will deflect so much before the strain is 2.0% that it usually must be considered to fail. The steel code committee first called these values "yield strength" until the author pointed this out in a letter to the central code committee Hertz (1993 ) published in Hertz (2004 . This resulted in change of the name instead of change of the properties. Table 3 . Parameters for design reduction of 0.2 % and 2.0 % stresses of different reinforcement steels during a fire (HOT) and after a fire exposure (COLD).
By studying the relations between temperature dependent strength and E-modulus of more than 170 test series in Hertz (1980) including the comprehensive test series of 230 specimens of Danish sea gravel based concrete, the author found that they all fit satisfactory to the following idealised expression:
Where Ec is the E-modulus of the concrete at the temperature level in question, Ec20 is the E-modulus of the concrete at 20C, c is the reduction of the compressive strength fcc20 of the concrete at 20C.
Different test series investigated by the author show that this relation appears to be valid for a large variety of concretes in a HOT condition during fire as well as in a COLD after the cooling phase. For reinforcing steel the similar model is different. Here the E-modulus Es is reduced by the reduction ξs in strength fs (3) Es = sEs20 , fs = sfs20
During the author's investigations on Danish sea gravel concrete he noticed a considerable increase of the ultimate strain cu in temperature. You can make the same observation from stress-strain curves for various concretes with -or without application of load during heating and tested in a HOT or in a COLD condition, as they are reported in the literature. See for example Schneider (1977) , Harmathy and Berndt (1966) , Harada et al. (1972), and Fischer (1970) . From the stress-strain curves for heated concrete it can also be seen that the increase in strain follows the decrease in stress according to a simple model where the product of stress and strain remains a constant for each point of the stress-strain curve while the material is weakened due to the heat. Thus, the ultimate strain will be increased by the reciprocal reduction of the compressive strength cu = cu20 / ξc , which is in accordance with the test results.
Here we usually assess cu20 to be 0.35%.
We mainly apply a stress-strain curve of a concrete in order to estimate deflection of a beam, column, or wall, and we apply deflection of walls and columns for calculating a critical load, where the specimen becomes instable. This means that the stress-strain curve applied preferably should fit in simple instability calculations. The author has found that all this can be obtained by application of stressstrain curves that fulfil the assumption made by Ritter (Figure 2 ) that the E-modulus Ec of a concrete at a certain stress  is Ec = Ec0 (1-σ / fcc).
Ritter's assumption constitutes a differential equation
That gives an expression for the stress-strain curve of any concrete at any temperature level T as:
An example of stress-strain curves for varying temperatures is shown on Figure 3 . Figure 3 . Stress-strain curves for a 23.6 MPa main group concrete in a HOT condition. ___ Calculated ….Measured
Temperature calculations
For temperature calculations you may use a simplified method developed by the author and adopted in the Danish concrete code DS 411 (1999) representing an exact solution to the Fourier equation for heat conduction with a sinus variation of the surface temperature.
Here t is time in minutes,  density in kg/m 3 , cp specific enthalpy in J/kgC and  conductivity in W/mC of the concrete. The only approximation of this solution is assessment of the surface temperature variation for a standard fire exposure as the first quarter of a sinus cycle.
The simplified solution allows a quicker calculation of the varying temperature profiles and stressstrain profiles through the structure than if we applied for example a finite difference method like the one used in the free ConFire program (Hertz 2012 ) that can be downloaded from the home-page of the Department of Civil Engineering, Technical University of Denmark. In addition, we obtain the benefit of an exact solution.
In the first phase of the full scale wall tests we tested walls constructed of Light aggregate concrete of quality 600, 1200 and 1800 kg/m 3 (Conductivities are found in Table 1 ) and thickness 100 mm , Hertz and Hansen (2001) , and Hertz (2002)).
We recorded the temperature profiles and compared them to calculated temperature distributions giving a reasonable agreement between calculation and test. Figure 4 shows an example. The measured temperature is constant for 20 minutes due to evaporation at 100C, where the calculation includes the effect in a less direct manner. 
Column calculations
The well-known Euler formula assumes a sinus deflection of a centrally loaded column.
Here y is the deflection in the length x, which is δ at the midpoint, where the curvature is κ The column length is L, F is the force, and I is the moment of inertia of the cross section.
Inserting the Ritter assumption and thereby the stress-strain curves found from it above we get
Here Fu is the ultimate load for the cross-section A in compression. FR is the ultimate load for the centrally loaded column with the curved stress-strain curve given by the Ritter assumption. This is a convenient expression for the Rankine formula applied in most textbooks and codes on concrete structures, although it usually appears as expressions, which are hard to recognize. All reinforcement obtain a curved stress-strain curve when heated. You can therefore find a Rankine load-bearing capacity for a column consisting of reinforcing bars alone presuming that something keeps their mutual distance when deflected. Combining the two expressions you get an extended Rankine formula for a centrally loaded reinforced (s for steel) concrete (c for concrete) column.
For an eccentric loaded column ( Figure 5 ) a condition of equilibrium is made similar to the one for central load. Figure 6 . Column cross section in compression and in compression and tension.
Considering a compression stress block representing the ultimate capacity of a cross section of height h ( Figure 6 ) we get an expression of the load-bearing capacity of a compressed unreinforced-or reinforced column as
For larger eccentricities the deflection of a reinforced cross-section is assessed from the curvature calculated for the ultimate resistance of the cross-section from the ultimate strain εcu in concrete and yield strain εsy in reinforcement. The yield force of the tension reinforcement is Fs1 in the depth ds1 from the compressed edge. The yield force Fs2 in the compression reinforcement in the depth ds2 can be obtained since the yield strain of the reinforcement remains the same at high temperatures and the ultimate strain for concrete increases. Still presuming a sinus deflection and defining the ultimate deflection δu and the moment M as calculated about the compressed edge of a cross-section of width c, we get: 
This gives an explicit expression of the load-bearing capacity of an eccentrically loaded reinforced concrete column with plastic ultimate limit stress distribution in a deflected condition. 2017-12-12 Figure 7 . Reduced cross-section for columns.
Column fire calculations
The author has introduced a reduced cross-section for fire exposed concrete structures in Hertz (1985) and in the Eurocode ENV 1992-1-2 (1995) and later versions. It represents a distribution of the compressive concrete strength through a cross section of the smallest width 2W exposed to fire from two sides. The reduced strength in the midpoint is called ξcM fcc20 and the average value through the cross section is called η ξcM fcc20. The compressive strength of the cross-section is 2Wη ξcM fcc20 that is considered as a stress block of strength ξcM fcc20 with a width 2Wη. You may find the parameters and much more by the free program ConFire Hertz (2012) . For a column the reduced cross-section follows the reduction of the E-modulus, which is ξcM 2 Ec20 in the midpoint and the width of the stiffness block giving the right reduction of the axial and flexural stiffness of the cross-section is found to be 2Wη ) from all fire exposed sides, where W is the smallest thickness to the midpoint of a column or the thickness of a one-sided fire exposed wall. The expressions derived above all apply for a cross-section of a column reduced like this, where the compressed edge now is the compressed edge of the reduced cross-section. The thermal deflection is important and can be regarded as a part of the eccentricity e. Since we consider the fire exposure uniform along the height as it is in tests, the thermal deflection will have a shape of a circular arch,. Using a constant coefficient of thermal elongation 1.1*10 -5 for concrete as well as for steel we get for a cross-section with compression in both sides σc1 and σc2 respectively The values correspond to those proposed by Anderberg and Thelandersson (1976) and approximately in accordance with the first part of the so called "Master curves" by Khoury, Grainger, and Sullivan (1985) . Furthermore, they also corresponds with loaded material fire tests made by the author.
Transient strain may be considered as a part of the thermal strain that does not take place if the concrete is loaded in compression during heating. Aggregate expands and cement matrix contracts giving rise to crack formation at 300C. These internal thermal cracks are main responsible for the thermal strain, and it is obvious that a compressive load on the material will delay or hinder the crack formation and thereby hinder the thermal elongation.
If the cross-section is subjected to compression and tension, the reinforcement is responsible for the thermal elongation in the tensioned side, and you get The thermal eccentricity is added to the statical eccentricity, and the load-bearing capacity of a central or eccentric loaded column or wall can be estimated at any time of a fire or in a cold condition after a fire by the formulas presented above. 50 tests have been recalculated representing variations in column length, cross section dimensions, reinforcement, concrete quality, axial load, and eccentricity of load and of fire exposure. 45 of the tests are reported in Hass 1986 mainly of German siliceous concrete. 2 columns are from Lie et.al.1984 (number 61 and 62) . 2 tests are from Seekamp et.al. 1964 (number 71 and 72) . 1 tree sided exposed column is from Anderberg and Forsén 1982 (number 81) .
As shown on Figure 9 the calculation results for the 50 columns are in general on the safe side compared to test results, and a reasonable agreement is observed. It must therefore be concluded that the calculation method is suitable for design purpose. For walls with fire exposure on the one side the author finds that a simple one step calculation is not possible. The reason is that the thermal deformation towards the fire is significantly affecting the stresses in the cross section. The changes of the transient strains and stress distribution at intervals during the heating affects the further deformation and thereby the further stress-strain distributions. You therefore have to apply a more elaborate method of estimating the load-bearing capacity and the deformation of an eccentric loaded wall with fire at one side.
In this method the author divides the cross-section into 10 lamellas from the fire exposed surface to the back of a wall. He divides the fire into time steps of 10 minutes, and for each step he calculates the stiffness, stress, strain, and transient strain of each lamella while the column is loaded by a specific load with a specific eccentricity. From that he finds the overall deflection influencing the stressdistribution in the next time step. At each time step he then finds the load-bearing capacity by application of the general column theory presented above establishing equilibrium in a deflected condition between external and internal moments. When the load-bearing capacity meets the applied load, the actual time is the fire duration. Alternatively, if the load-bearing capacity does not exceed the load for a fully developed fire, the wall can withstand its load. Since these calculations are somewhat laborious we have made a free program ConWall Hertz (2017) doing them in 10 minutes time steps.
Often you apply a support of a wall in a fire test, where the bottom is resting at a plain surface. In these cases the thermal deformation may give rise to an additional eccentricity as shown in Figure 10 . The eccentricity is found by calculating the depth of the crushed zone of concrete needed to adopt the applied force. At each time step you then add the average value of the eccentricity at the top and bottom to the transient thermal eccentricity in order to find the resulting eccentricity for the next time step and for the stability check.
In some cases you experience that a wall is first moving inwards towards the fire due to thermal deformation, and then it may move outwards again due to increased eccentricity of the load because of the increased damaged zone and the increased transient strain inside the damaged zone. In such cases you may experience that the wall brakes in failure outwards so that the direction of deflection will shift. This is modelled by the presented theory, and observed at some of the authors fullscale tests.
Results of full-scale tests are compared with results of this more elaborate calculation in order to document the validity of the design method. Figure 11 . Eccentric loaded 100 mm block wall of concrete 600 kg/m3 in fire test at 124 min
Wall element tests
The test walls were supported by a flat bearing at the bottom as shown in Figure 10 and by an eccentric placed hinge at the top insulated to the sides by ceramic fiber wool. In the first phase of the project, we deliberately gave the test walls an initial load eccentricity, which gave compression along the wall surface towards the fire. We call that positive eccentricity. Since the thermal deformation also tends to give compression towards the fire the eccentricity thereby contributed the most to the transient strain. On the other hand, this eccentricity also gave the most stable conditions because the external load counteracted the thermal deflection.
In the second phase, we therefore decided to use a load with a negative eccentricity giving compression at the wall surface away from the fire, which tend to increase the thermal deflection. This is the worst case that represents the decisive loading for a wall. By using positive as well as negative eccentricities the test results serve as a check for the calculation methods, and in addition they may serve as a direct documentation for application of the specific walls.
In the first phase, we at first calculated the support conditions as a hinge at top and bottom. However, in the tests the walls rested flat at the bottom support (Figure 10 ). This gives rise to an eccentricity, which we included in the calculation method as described above. Since this seems to be the most correct model of the support conditions in practice we kept them in the tests of the second phase.
The result was the new calculation method presented above, and it was used calculating all the tests (Figures 1, 11, and 12 ). This means that we recalculated the tests of phase 1 with the new support conditions, and therefore the calculations presented here are not equal to those, which can be found in our very first report (Hertz and de Place Hansen (2001) ).
The test results and the calculated fire resistance times are found in Table 4 . Table 4 . Data for test of fire exposed eccentric loaded light-aggregate walls.
Conclusion
The derived formulas for column stability and the simplified model of a reduced cross-section gives reasonable results slightly on the safe side for eccentrically loaded concrete columns exposed to fire. For walls exposed to fire at only one side the transient thermal deflection depends significantly more on changes in stress-distribution during the fire exposure calling for a calculation in time steps. Such time step calculations show reasonable results slightly on the safe side for the full-scale tested eccentrically loaded light aggregate concrete walls exposed to fire on the one side with densities ranging from 1800 kg/m 3 to 600 kg/m 3 .
The first test made with density 1200 kg/m 3 and positive eccentricity 0.02 m did brake after a larger time than calculated probably due to inaccuracy in placing the top hinge. This is more difficult for positive-than for negative eccentricity because positive eccentricity gives equilibrium with the thermal deflection and therefore small deviations may give long fire resistance times. 
